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ABSTRACT

Cyclic injection holds great potential for CO, emission reduction coupled with enhanced unconventional
oil recovery. There is, however, a lack of a thorough understanding of carbon distribution, migration, and
transformation underground over time at the reservoir scale. To address this issue, we conducted a rig-
orous numerical simulation integrating microseismic events, multi-geomechanics, and multi-
geochemistry to represent the complex fracture geometry, rock stress sensitivity, and CO,-oil-brine-rock
interactions. The fluid model, reservoir model, and geochemical reaction kinetics were carefully validated
and calibrated using experimental data. The performance of CO, utilization and geological storage was
comprehensively investigated in terms of changes in oil production, CO, storage, carbon distribution,
and petrophysical properties. The results indicate that 48.3% of the injected CO, was stored stably under-
ground after ten cycles (ten years), with a 3.4% increase in oil recovery. The presence of multiple CO, stor-
age forms, such as dissolved in water and mineralized carbonate, impeded CO,-oil interaction, leading to
a 25.9% reduction in the volume of the CO,-0il mixing zone and a 2.2% decrease in cumulative oil pro-
duction, albeit with a 7.7% increase in the storage rate. The cyclic injection mode had a significant impact
on the migration and transformation of CO; in the reservoir. While dissolved CO, in oil accounted for over
half of the total storage, it had the possibility of being released during production. After ten cycles, 20% of
the injected CO, (approximately 12 000 t) reached long-term storage in four forms: mineralized carbon-
ate (6%), water-dissolved CO, (6%), aqueous ions (4%), and trapped gas (4%). Notably, the non-fracture
zone within the stimulated reservoir volume (SRV) served as the primary trapping area for residual
gas. This work provides valuable insights into dynamic CO, transport and transformation processes under
cyclic injection and presents a more comprehensive and precise framework for assessing CO, capture,
utilization, and storage with enhanced oil recovery (CCUS-EOR) performance in unconventional reser-

voirs after fracturing.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

tional community. CO, capture, utilization, and storage (CCUS) is
an emerging strategy for large-scale CO, reduction. This technol-

Global warming is intensifying and poses a significant risk to
the sustainable development of humankind. According to the
International Energy Agency (IEA), global energy-related carbon
dioxide (CO,) emissions grew by 1.1% in 2023 to a record high of
3.74 x 10'° t [1]. Reducing greenhouse gas emissions to mitigate
climate change has thus emerged as a critical focus for the interna-
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ogy is anticipated to facilitate the low-carbon utilization of fossil
fuels and address global climate change [2]. Among the ten CO,
utilization pathways enumerated by Hepburn et al. [3], CO,-
enhanced oil recovery (CO,-EOR) demonstrates substantial poten-
tial for CO, utilization and geological storage. CCUS with enhanced
oil recovery (CCUS-EOR) involves injecting CO, into hydrocarbon
reservoirs to alter the physicochemical properties of the reservoir
and fluids, thereby boosting crude oil production and achieving
net-zero CO, emissions [4]. This technology serves as a pivotal
technical support for China in achieving its goals of carbon peak
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and carbon neutrality [5]. It is estimated that approximately
5.1 x 10° t of CO, could be sequestered in China using CO,-EOR
technology [6].

CO,-EOR has been utilized as a tertiary oil recovery technique in
conventional reservoirs for many years. Nevertheless, with the
depletion of conventional resources, significant attention has
shifted to unconventional resources such as tight and shale oil.
Unlike conventional reservoirs, tight reservoirs possess extremely
low in situ permeability (< 0.1 md; 1 md = 0.987 x 10~ um?), with
crude oil residing within tiny micro- and nano-pores [7]. This
makes it challenging for conventional methods such as CO, flood-
ing to overcome the difficulty of hydrocarbon flow. The emergence
of horizontal drilling with multi-stage hydraulic fracturing tech-
nology has boosted tight oil production. Hydraulic fracturing
establishes numerous channels for hydrocarbon flow from the
tight matrix to the wellbore. High oil production is attainable in
the initial stage, but the oil rate declines rapidly, resulting in a pri-
mary oil recovery less than 8% of the original oil in place (OOIP),
while more than 90% of the OOIP remains untapped. Recent exper-
imental studies [8], numerical simulations [9], and field projects
[10] have confirmed the success of cyclic CO, injection in promot-
ing oil recovery from tight formations. Cyclic CO, injection, also
called CO, “huff-n-puff” (HnP), is a one-well process that includes
the three stages of “huff,” “soak,” and “puff.” This process is typi-
cally repeated several times until the economic feasibility limits
are reached.

Numerous studies regarding CO,-EOR have focused on the
interactions between CO, and crude oil, including miscibility, re-
pressurization, oil viscosity reduction, oil swelling (OS), evapora-
tion, and molecular diffusion [9,11]. The reservoir characteristics
and development methods of unconventional reservoirs after frac-
turing have made the mechanisms of CO,-EOR and geological stor-
age distinct from the traditional understanding [12,13]. For
example, CO, flow in tight reservoirs is dominated by fracture flow,
with the CO, penetrating unfractured rocks, driven by pressure and
concentration gradients [12]. The minimum miscibility pressure
(MMP) holds little significance in diffusion-dominated ultratight
reservoirs, since the MMP relies on advection-dominated condi-
tions [14], and the oil recovery increases with an injection pressure
even beyond the MMP [15]. Analogous phenomena have been
reported by Tovar et al. [16] and Kumar et al. [17]. The formation
of a solvent-oil mixed zone in the injection stage and the expan-
sion of oil along with the evaporation of oil components in the pro-
duction stage are considered to be the primary mechanisms behind
CO, HnP [15]. These distinctions require studies that focus more on
the material exchange process between the matrix and the frac-
ture. Aside from CO,-crude oil interactions, CO,-EOR in unconven-
tional reservoirs relies on reservoir characterization, rock
mechanics, and injection strategies. Cyclic-injection-induced effec-
tive stress fluctuations significantly affect the physical properties
of a reservoir, especially the permeability of artificial fractures. This
has a profound impact on production history matching [18] and oil
production prediction [19]. In addition, artificial fracture conduc-
tivity exhibits hysteresis under multiple loading/unloading cycles,
further influencing the fluid transport behavior in fracture-matrix
systems [20]. Hence, for a given tight reservoir with artificial frac-
tures, full coupling of the multiphase fluid characteristics and
petrophysical properties is particularly essential for an accurate
assessment of CO,-EOR performance.

Early CO,-EOR processes mainly focused on improving oil
recovery, with less attention on CO, storage in porous formation
[21]. Recent studies have demonstrated that cyclic injection is a
viable technology for achieving CCUS-EOR in unconventional
reservoirs. Lashgari et al. [22] proposed that 25%-50% of the total
CO, injected could be trapped in the Middle Bakken through cyclic
CO, injection. In a life-cycle assessment of Eagle Ford Shale, Bao
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et al. [23] found that cyclic CO, injection resulted in a 20% increase
in oil recovery and a 31.3% effective CO, sequestration rate. Ning
and Tura [24] demonstrated that the efficiency of CO, storage in
unconventional reservoirs was highly dependent on reservoir con-
ditions, operational parameters, and production strategies.

Although the oil production and storage performance of cyclic
gas injection in unconventional reservoirs have been evaluated,
yielding valuable insights, these studies significantly simplified
the reservoir characterization, fluid-solid interactions, and trans-
port phenomena in order to save computation time. This simplifi-
cation has restricted the comprehension of the synergistic effects
of the CCUS-EOR process in unconventional reservoirs and the
transformation of CO, storage, along with their contributions to
storage capacity. Accurate prediction of the fate of injected CO, is
essential for designing injection and storage strategies aimed at
optimizing oil production and carbon storage efficiency. Conse-
quently, a thorough assessment of CCUS-EOR-related responses is
required on a fully coupled physical model that integrates multi-
phase flow, multicomponent transport, fluid phase behavior,
geomechanics, and chemical reactions [25,26].

The success of conventional geological CO, sequestration pro-
jects has led to the identification of four main types of subsurface
CO, storage: structural trapping (hindering CO, upward move-
ment), residual trapping (rendering CO, immobile due to capillary
forces), solubility trapping (dissolving CO, in fluid), and mineral
trapping (precipitating CO, as carbonate) [27,28]. These four trap-
ping mechanisms correspond to six forms of subsurface CO,:
supercritical mobile gas, CO, physically dissolved in oil and water,
aqueous ions, trapped gas, and mineralized CO,. The state of the
CO, is significantly influenced by multiple factors, including tem-
perature, pressure, salinity, CO, injection scenario, reservoir
heterogeneity, and geomechanics [29-31], resulting in transforma-
tions among different CO, storage forms. For example, pressure-
sensitive storage mechanisms, such as solubility trapping, are
affected by pressure fluctuations from the intermittent mode,
which complicates the migration and transformation of CO, in
the subsurface. Moreover, mineral precipitation/dissolution, espe-
cially in reservoirs containing high feldspar and chlorite contents,
can alter the rock’s physical properties (e.g., porosity, permeability,
and wettability), thereby affecting fluid flow behavior and CO, dis-
tribution [32]. Hu and Rui [33] employed the TOUGHREACT simu-
lation program to investigate the carbon migration and phase
distribution patterns in CO, geological utilization and storage. They
found that the forms of CO, storage were dynamically transform-
ing, emphasizing that accurately quantifying the transformation
and contribution of various CO, storage mechanisms under
in situ conditions is crucial for comprehending the CO, transport
process and assessing storage potential. However, to date, few
studies have systematically investigated the dynamic CO, trans-
port behaviors and the CCUS-EOR response during cyclic injection
in unconventional reservoirs after fracturing.

In short, although recent works have demonstrated the poten-
tial of cyclic CO, injection for CCUS-EOR in unconventional reser-
voirs, few models have fully integrated the multi-geomechanical
and multi-geochemical impacts, resulting in poor elucidation of
the dynamic carbon distribution, migration, and transformation
underground. To bridge these knowledge gaps, we have developed
a robust component model of a specific tight reservoir considering
these important impacts. The primary objective of this work was to
assess the CCUS-EOR response in this reservoir by capturing
detailed changes with respect to oil production, CO, storage, and
petrophysical properties. The reservoir model and fluid model
were well-calibrated using experimental data. Rock stress sensitiv-
ity and fracture permeability hysteresis were used to account for
the influence of geomechanics, and a complex geochemical
reaction kinetics model related to the mineral composition was



J. Zhao, L. Wang, B. Wei et al.

appropriately set in the modeling to capture tiny changes in rock
volume. Our model reveals the dynamic migration and transforma-
tion of CO, and its storage contribution over multiple cycles, shed-
ding light on the interaction mechanisms between CO,-EOR and
geological storage and clarifying the process of CO, transport
underground. This comprehensive understanding offers novel
insights for the application of CCUS-EOR in unconventional
reservoirs.

2. Reservoir description

The targeted Triassic Baikouquan Formation in Mahu Sag is
located in Junggar Basin, northwestern Xinjiang, China. In terms
of its lithological characteristics, this formation is divided into
three layers. The upper layer is characterized by the presence of
a set of mudstone caprocks with a certain thickness, while the
lithology of the middle and lower layers is mainly composed of
sandstone and conglomerate [34]. The target area is a typical tight
reservoir with an average porosity and permeability of 9.2% and
0.11 md, respectively. The oil saturation is 52%-64%, the average
gas-oil ratio (GOR) is 108 m>-m~3, and the average dead oil density
is 826 kg-m—.

3. Methodology

A reservoir model was established by means of CMG-GEM soft-
ware to simulate the interactions among CO,, crude oil, brine, and
rock [35]. Further evaluation was conducted on CO,-EOR and CO,
storage during the CO, cyclic injection process. CO, solubility,
molecular diffusion, gas relative permeability hysteresis, geochem-
ical reactions, and porosity/permeability change caused by multi-
geomechanical and multi-geochemical impacts were all integrated
into the modeling, as described below.

3.1. Reservoir model

The reservoir model was developed based on a typical horizon-
tal well drilled in the Baikouquan Formation in the Mahu Sag. The
microseismic data monitored during horizontal well fracturing was
used to create hydraulic fractures, as shown in Fig. 1(a). The model
domain of 905.1 m x 230.6 m x 52.6 m was meshed using
Cartesian grids of 60 x 45 x 3 in the I, J, and K directions, respec-
tively (Fig. 1(b)). The geometry and direction of the fractures were
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described using microseismic events. The distribution of the stim-
ulated reservoir volume (SRV) is shown in Fig. 1(c). The logarithmi-
cally spaced-locally refined (LS-LR) method was adopted to refine
the grids where fractures are located into 5 x 5 x 1 along the I, ],
and K directions. The SRV was divided into a fracture zone and a
non-fracture zone. Table 1 lists the parameters used for the
simulation.

3.2. Fluid composition and model

The ion composition of the formation water was determined by
means of an IC761 ion chromatograph with a total salinity of
11 776.33 mg.L™!. Detailed information is provided in Table 2.
The composition of the crude oil was identified through gas-
chromatography analysis. More than 35 components were lumped
into seven pseudo-components to improve computational effi-
ciency, as listed in Table 3. The Peng-Robinson equation of state
(PR-EOS) in CMG-WinProp was employed to calculate the fluid
properties and phase equilibrium [36]. In order to accurately
describe the phase behaviors and fluid interactions between oil
and gas and between brine and gas, relevant tests were conducted,
including constant composition expansion (CCE), OS, CO, solubil-
ity, and MMP. State parameters such as critical pressure, critical
temperature, omega A, omega B, and binary interaction coefficients
were carefully tuned until a satisfactory agreement between the
measured and simulated values was attained, as depicted in
Figs. 2(a) and (b). The Jossi-Stiel-Thodos viscosity correlation
was used to match the viscosity of the crude oil [36]. The measured
and calculated values of the fluid properties are given in Table S1 in
Appendix A. It was assumed that the gaseous and aqueous phases
were in thermodynamic equilibrium, and the fugacities of CO, in
the gas and aqueous phase were equal (Eq. (1)). The PR-EOS and
Henry’s law (Eq. (2)) were respectively applied to calculate the
fugacities of CO, in the gas and aqueous phases. The reference
Henry’s constant and the partial molar volume of CO, in water at
infinite dilution were essential parameters used to fit the CO, sol-
ubility experimental data, as shown in Fig. 2(c).

fig 7fia:0 (1)

where fj; is the fugacity of component i in the gas phase; and f;, is
the fugacity of component i in the aqueous phase.

f CO,(a) ' HCOz

Henry’s law constant is calculated as follows [37]:

(2)

= Yco,(@)

Reservoir model
. 9051m
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Distribution of the SRV

Fig. 1. (a) Schematic of the fractures derived from the microseismic events. Color is used to distinguish different stages of hydraulic fractures; (b) 3D reservoir model
constructed using microseismic data; (c) distribution of the fractures generated by the microseismic events. The same color represents the same layer. SRV: stimulated

reservoir volume; LS-LR: logarithmically spaced-locally refined.
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Table 1

Properties of the base model.
Parameter Value Unit
Reservoir temperature 89 °C
Initial formation pressure 61.72 MPa
Initial oil saturation 0.6 —
Reservoir porosity 9% —
Rock compressibility 7 %1077 kPa~!
Reservoir permeability, K 0.1 md
Ky/Ky 0.1 -
Well length 814.59 m
Water saturation (matrix) 0.4 —
Water saturation (fracture) 0.6 —
Fracture width 0.005 m
Fracture conductivity 50 md-m

Ky: vertical permeability; Ky: horizontal permeability.

Table 2
The composition of the formation brine.

Aqueous species Concentration (mg-L™")

Na* 4206.86

K* 11.38

Mg?* 13.86

Ca?* 41.12

Norw 104.13

cl- 5344.09

HCO3 2054.89

H* 6.31x 1078
Table 3

Pseudo-components of the reservoir fluid.

Oil components Live oil (mol%)

N, 3.04
€O, 0.14
CH4 4551
C,—Cs 7.41
Cs~C1o 26.65
C11-Cao 13.08
C1-Css 417

Voo, (P — D)
—t -’ 3

where fq, 4 is the fugacity of CO; in the aqueous phase; yco, ) is
the mole fraction of CO, in the aqueous phase; In(Hc,) is the natu-
ral logarithm of the Henry’s constant for CO, (Hco, ); In(Heo,) is the
natural logarithm of the reference Henry’s constant for CO, at the

In(Heo,) = In(Hgo,) +

reference condition; f/coz is the partial molar volume of the compo-
nents in water at infinite dilution; p is the pressure; p* is the refer-
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ence pressure; R is the universal gas constant; and T is the
temperature.

3.3. Rock stress sensitivity

Fluid injection or production modifies the pore pressure and
effective stress, causing rock dilation or compaction, further affect-
ing the formation porosity and permeability. This phenomenon
becomes more frequent and pronounced with cyclic injection.
The changes in matrix and fracture permeability follow different
paths under loading and unloading cycles. The main reason is that
hydraulic fractures undergo plastic deformation due to the inelas-
tic responses of the proppant, and the permeability evolution dis-
plays obvious hysteresis. Describing this complex evolutionary
behavior using geomechanics at the field scale poses a challenge,
as it demands the development of a constitutive model for the
inelastic response of the proppant. Instead, the multiplier correla-
tions of the pressure-dependent porosity and permeability offer a
satisfactory description of the hysteresis behavior of the fracture
permeability [20,35], as depicted in Fig. ST in Appendix A. The fig-
ure includes one main depletion path and two hysteresis paths at
the upper and lower pressure boundaries; the paths for the inter-
mediate pressures are determined through linear interpolation.
The propagation of artificial fractures falls outside the scope of this
work.

3.4. Geochemical reactions and models

Geochemical reactions are used to describe and predict the
physical and chemical evolution in porous media. Aqueous reac-
tions are governed by thermodynamic principles and are typically
described through equilibrium constants obtained from experi-
mental data or thermodynamic databases. The reactive transport
model, like mineral reactions, usually requires the introduction of
kinetic models to simulate the rates of mineral dissolution/precip-
itation reactions over time. Geochemical reactions coupled with
convective-diffusive transport processes can capture the spatial
and temporal evolution of minerals and the variations in porosity
and permeability.

3.4.1. Aqueous reactions

A portion of dissolved CO, in the formation water participates
in reactions, as shown in Eqs. (4)-(6), thus generating a substantial
quantity of bicarbonate ions and a minor quantity of carbonate
ions. The ion reactions occurring within the aqueous phase are
notably rapid processes. It is reasonable to assume that these reac-
tions are controlled by chemical equilibrium, as given in Egs. (7)-
(11). The aqueous reactions of brine components are presented as
follows:

3.0 — 40 1.6 30
Q O Measured Measured P, O Measured
25| \ J— Simulated 35 | —{1— Simulated P,,, = —{— Simulated o
’ Measured OSF 114 g 25
[} 30 + . o
£ \ w —{}— Simulated OSF T
2 L \ o
s 20 \ L S (@
] Q S 5t C]/‘3/D 1128 S 20f
[ % s o=
2 3 — =
& 15F & 20} . o 3
& o, ' 11.0 2 15}
. 15 Q
1.0 + E\@DUD O0—0—0 5] T=89°C
. A L L L . 10 L— A . L L . los 10 L L . A L
0 10 20 30 40 50 60 0 10 20 30 40 50 10 20 30 40 50

Pressure (MPa)

(@

CO, concentration (mol%)

(b)

Pressure (MPa)

()

Fig. 2. Comparisons of the measured results with simulated data: (a) CCE; (b) saturation pressure (Ps,;) and OS factor (OSF); (c) CO, solubility.
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C03q) + H20 = H" + HCO3 (4)
CO;” +H' = HCO; (5

(6)

The equations for the chemical equilibrium are as follows [38]:

H* + OH = H,0

Qy—Keqw = 0, x=1, ..., Ry (7)
Naq
QOL = Haivu (8)
i=1
a=ym, =1, ., Ny )
A,22V1 .
logy, = ——2“1LY"_ 4 B 10
& 1+aiB~,\fI ( )
1
I=35 > mz} (11)
i=1
log(Keq) = o+ aiT +a;T* + asT? + a,T* (12)

where Q, is the activity product of the aqueous reaction o; Keq is
the chemical equilibrium constant of the aqueous reaction o; Raq is
the number of intra-aqueous chemical equilibrium reactions; n,q is
the number of aqueous components; g; is the activity of component
i; v, represents the stoichiometry coefficients of component i of the
aqueous reaction o; y; is the activity coefficient of component i; m; is
the molality of component i; A,, B,, and B are temperature-
dependent parameters; z; is the ion charge of component i; a; is
the ion size parameter; I is the ionic strength; ag-a4 are the chem-
ical equilibrium coefficients.

3.4.2. Mineral reactions

The dissolved CO, will react with formation rocks under acidic
conditions to generate stable carbonate minerals, thereby achiev-
ing permanent carbon sequestration. This is a long-term and slow
process. Transition state theory (TST) is employed to describe the
reaction kinetics of mineral dissolution and precipitation. The reac-
tion rate of minerals is determined by the reaction surface area
(RSA), reaction rate constant, activity product, and chemical equi-
librium (Eq. (13)) [27,38]. The direction of the mineral reaction is
governed by the ratio Qg/Keq s, which is referred to as the saturation
index (SI). Mineral precipitation occurs when the SI is greater than
1, and mineral dissolution occurs when the SI is less than 1 (Eq.
(14)). The temperature-dependent rate constant can be expressed
as Eq. (15). The RSA of minerals is another important parameter
that significantly affects the reaction rate; it varies with the disso-
lution and precipitation of minerals, as shown in Eq. (16). The
determination of the reaction kinetics parameters is elaborated
in Section 3.4.4.

r/;:,?\/;k,f<1 —KQ—f‘) B =1, .. Rum (13)
eq,
S - Qg {> 1, mineral precipitation (14)
Keqp | < 1, mineral dissolution
Ey /1 1
k/; = I<0/;exp |:—7ﬁ <T — F):| (]5)
~ ~0 N
Ag=A, 16
p=Ag N (16)
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where 1y is the reaction rate of the mineral reaction g; ﬁ/j is the RSA
of the mineral reaction f; kj is the rate constant of the mineral reac-
tion f; Qg is the activity product of the mineral reaction f; Keq s is
the chemical equilibrium constant of the mineral reaction f; Ry,
is the number of mineral reactions; E,; is the activation energy of
the mineral reaction B; T* is the reference temperature (usually
25 °C); kog is the reaction rate constant of the mineral reaction f

atT*; 22 is the initial RSA of the mineral reaction f; Ny is the mineral
mole number of the mineral reaction g per unit grid block volume at
the current time; and N‘,ﬁ is the initial mineral mole number of the
mineral reaction 8 per unit grid block bulk volume.

3.4.3. Porosity and permeability evolution due to geochemical
reactions

Mineral dissolution and precipitation can also alter the void vol-
ume of the porous medium, leading to variations in porosity. They
can be calculated through the following equations [39]:

. (N N2>

dr=g¢ =3 (L2 17
;<Pﬁ Pg 7

¢ = ¢'[1 +cy(p—p")] (18)

where ¢ is the actual porosity; ¢* is the reference porosity without

mineral precipitation/dissolution; ¢* is the reference porosity
including mineral precipitation/dissolution; n,, is the number of
minerals; pj is the mineral molar density of the mineral reaction
B; and c, is the rock compressibility.

The permeability changes induced by mineral dissolution and
precipitation are modeled through the Kozeny-Carman equation
[39]:

k B ¢ 3 1— d)* 2
K (¢) ' (1 fqb)
where k is the actual permeability; k* is the reference permeability
without mineral precipitation/dissolution.

Fig. 3 presents an iterative procedure of coupling among the
fluid flow, rock stress sensitivity, and geochemistry modules. In
the coupling process, the reservoir pressure, temperature, and sat-
uration distributions are initially computed based on the fluid flow
equations in the reservoir simulator. Subsequently, the solutions
from the fluid flow module are passed to the rock stress sensitivity
and geochemical reaction modules to calculate the pressure-
dependent porosity and permeability multipliers and the mineral
molar change, respectively. The actual porosity and permeability
values are updated by coupling these two variables, and the results
are fed back into the reservoir simulator to acquire new pressure
and temperature values. This iterative process is executed over
time steps within a convergence criterion until the maximum time
step is reached.

(19)

3.4.4. Reaction kinetics parameters

Previous studies have demonstrated that various factors affect
geochemical reactions, including temperature, pressure, aqueous
ion, rock mineral composition, RSA, activation energy, and reaction
rate constant [40]. In our work, all uncertain parameters were care-
fully verified to improve the reliability of the simulation results.
The mineral composition of the target area was derived from the
average mineral content of similar layers in the Baikouquan Forma-
tion (T;b) [41], as shown in Table 4. Quartz (43%), feldspar (42.5%),
and clay (14.5%) are the dominant minerals in the studied reservoir.
The RSA of the minerals is an important but uncertain parameter that
depends on the heterogeneous distribution, particle size, shape, and
complex contact interfaces of all minerals on the rock surface. Several
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Fig. 3. Flow chart for the coupling of fluid flow, rock stress sensitivity, and geochemistry. po, To, and Sy are the initial pressure, temperature, and saturation at time step 0,
respectively; p,, T, and S, are the pressure, temperature, and saturation at time step n, respectively; m,, is the pressure-dependent porosity multiplier at time step n; my, is
the pressure-dependent permeability multiplier at time step n; ¢, is the reference porosity including mineral precipitation/dissolution at time step n; ¢, and k, are the actual

porosity and permeability at time step n, respectively.

studies have used specific RSA values to simulate mineral reactions,
ignoring the heterogeneity of the accessible surface area among dif-
ferent minerals [42]. The geometric surface area (GSA) method based
on ideal geometry, the specific surface area (SSA) measured by the
Brunauer-Emmett-Teller (BET) approach, and the scanning electron
microscopy (SEM) method for image analysis are universal methods
used to characterize mineral RSAs [43]. However, the results mea-
sured by different methods may significantly vary in magnitude. It
is challenging to acquire the RSA of each mineral in specific rocks
because different types of minerals, particularly clay minerals, have
large differences in particle size. Here, the RSA of each primary min-
eral was determined by combining the GSA and BET methods. The

et al. [43], as presented in Table 4. The GSA was first calculated by
assuming that each mineral is composed of spherical grains with dif-
ferent diameters. To eliminate the deviation caused by the assump-
tion of ideal spherical grains, the roughness coefficient (rf) was
introduced to ensure that the calculated SSA was within the BET
range of pure minerals. Meanwhile, the total SSA of specific rocks
(SSA*) was required to be consistent with the average BET result
(4.0 m?g™") of the Baikouquan Formation (T;b) [41]. The final min-
eral RSAs were obtained by following Eqs. (20)-(23). In our model,
the initial RSA of the secondary minerals was set to 1 m*>m™ to
ensure that their precipitation reactions could be initiated.

grain size range and BET limits for each pure mineral were derived GSA — A, 3 20)
by referring to the experimental BET data collected by Beckingham m Om
Table 4
Mineral content and RSA.
Mineral Molecule Mass Volume Low BET value of High BET value of Grain Average grain GSA SSA SSA* RSA
weight  density fraction pure minerals pure minerals size diameter for (m2g™') (m?g') (m%g) (m?.m~3)
(gmol™) (g-cm3) (m>g™) (m>g™") range  GSA (um)
(pm)
Albite 262.223 2.616 0.10202 0.04 0.164 75-150 100 0.02294 0.22938 0.02340 61 213
Anorthite 278209 2.760 0.29003 0.088 0.645 75-150 100 0.02174 0.65211 0.18913 522 057
Illite 383.901 2.763 0.03522 2.8 7.6 10-250 20 0.10857 6.51449 0.22944 633 959
K-feldspar 278.332 2.557 0.02796 0.16 0.474 75-250 100 0.02347 0.46938 0.01313 33 556
Quartz 60.0843 2.648 0.43529 0.0225 0.111 75-850 500 0.00453 0.06797 0.02959 78 352
Chlorite 555.797 2.684 0.04545 2.8 7.6 10-250 20 0.11179 6.70746 0.30482 818 011
(clinochlore-14A)
Kaolinite 258.160 2.594 0.02751 3.17 13.2 5-100 10 0.23130 13.87791 0.38179 990 390
Mixed layer — 2.700 0.03652 34 97 0.1- 10 0.22222 77.77778 2.84039 7 669 044
150
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SSA = GSA-If (1)
SSA* = SSA -V, (22)
RSA = SSA"-p,. (23)

where A; is the total surface area of the mineral grain; m is the grain
mass; r is the grain radius; pp, is the mineral density; and Vy, is the
mineral volume fraction.

Other kinetic parameters, such as the activation energy and rate
constant, were obtained from the work of Palandri and Kharaka
[44], as shown in Table 5. The chemical equilibrium coefficients
for aqueous and mineral reactions from the study of Kharaka
et al. [45] are listed in Table S2 in Appendix A.

3.5. Molecular diffusion

Molecular diffusion plays a crucial role in mass transport for
CCUS-EOR in tight reservoirs. The injected CO, penetrates the tight
matrix from fractures through diffusion, thus displacing the oil
while sequestering CO,. Several empirical diffusion equations have
been derived from extensive experimental data. The Wilke-Chang
correlation (Eq. (24)) is used in our model to describe the molecu-
lar diffusion behavior of CO, in both oil and aqueous phases [46].

740 x 10°°%(M))
- g

where D; is the diffusion coefficient of component i in the mixture;
M; is the molecular weight of the solvent; u is the viscosity of the

solution; and w,; is the partial molar volume of component i at boil-
ing point.

05

T

D; (24)

3.6. Relative permeability

The relative permeability curves of the matrix and fracture were
generated using the Corey-type power law equation [39]. The end-
points of the relative permeability curves (e.g., connate water sat-
uration and irreducible oil saturation) were provided by the
oilfield. The curvature exponents were determined by matching
the historical production data of the horizontal well. The relative
permeability curves for the matrix are shown in Figs. 4(a) and
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(b); straight lines were used for the fracture zone and miscible con-
dition. The interfacial tension (IFT)-related relative permeability
model proposed by Coats [47] was integrated into the model to
perform an interpolation between the immiscible and miscible rel-
ative permeability curves. We primarily focused on the modeling
of trapped gas during the cyclic injection process; the impact of
geochemical reactions on relative permeability was not consid-
ered. The wettability tendency of rock leads to hysteresis in the rel-
ative permeability of the non-wetting phase (usually the gas
phase) during the frequent transition from drainage to wetting
phase imbibition, resulting in trapping of the gas phase. A two-
phase gas hysteresis model developed using CMG-GEM was
employed to elucidate the hysteresis behavior [39], and the land
trapping model was used to predict the trapping saturation of
the non-wetting phase [48], as presented in Eqs. (25)-(29). The
gas relative permeability hysteresis model is shown below:

e (S,) = ki (Sg), during drainage 25
o ks (Sgr), during imbibition

(Sg — Serh) (Sgh — Sgarit)
(Sgh - Sgrh)

where ki, is the gas relative permeability; kfg' is the gas relative per-
meability on the drainage curve; S is the gas saturation; Sgr is the
free gas saturation; Sgi¢ is the critical gas saturation; Sg is the
trapped/residual gas saturation under the imbibition process; and
Sgn is the value of gas saturation when the shift to imbibition occurs.
Land’s function defines the relationship between the reversal
saturation Sg, and the maximum trapped gas saturation Sg:

C= r 1 (27)

Sgrmax - Sgcrit ngax — Igcrit

ng = Sgcrit + (26)

Sgh - Sgcrit (28)

S = Sooi & @ er
grh gerit + 1+C(sgh _Sgcrit)

ngax =1- chon - Soirg (29)

where C is land’s constant; Sgrmax is the maximum residual gas sat-
uration; Sgmax is the maximum gas saturation; Swcon is the connate

Table 5
The kinetic parameters of geochemical reactions.
Mineral Volume Geochemical reaction RSA Activation Log of Log of
fraction (m2m~3) energy reaction rate  reaction
(J-mol™")  (mol-m™2-s!)* rate
(mol-m2-s71)"

Primary mineral
Albite 0.10202 NaAlSi;05 + 4H' = A** + 2H,0 + Na* + 3Si05aq) 61213 69 800 -12.56 -10.40
Anorthite  0.29003  C3Al,Si,05 + 8H' = 2AI%* 4+ Ca?+ + 4H,0 + 25i0aq) 522057 17 800 -9.12 —-8.57
lllite 0.03522 K, sMgy25Al5 3Si35010(0H), + 8H" =2.3A1*" + 5H,0 + 0.6K* + 0.25Mg2* + 3.55i05 033959 35000 -12.78 -11.70
K-feldspar  0.02796 KAISi;0q + 4H" = A" + 2H,0 + Kt + 35i02(aq) 33556 38000 -12.41 -11.23
Quartz 0.43529  SiO; = SiOy(aq) 78 352 90900 -134 -10.59
Chlorite  0.04545 Mg, Al,Sis019(OH)g + 16H" = 2A1* 4 12H,0 + 5Mg?* + 3Si04aq) 818011 88000  -12.52 -9.80
Kaolinite ~ 0.02751 Al,Si;05(0H), + 6H" = 2A1" 4 5H,0 + 25i0aq) 990390 22200 -13.18 -12.49

Secondary mineral
Calcite 0 CaC03 + H' = Ca?* + HCO; 1 23500 -5.81 -5.08
Magnesite 0 MgCOs3 + H* = HCO; + Mg?+ 1 23500 -9.34 -8.61
Anhydrite 0 CaS0, — Ca?* + 503~ 1 14300  -3.19 -2.75
Dolomite 0 CaMg(C03), + 2H" = Ca?* + 2HCO;3 + Mg?** 1 52200 -7.53 -5.91
Dawsonite 0 NaAICO;(OH), + 3H" = AP* + 2H,0 + HCO; + Na* 1 62800 -7.00 -5.06

@ T=25°C.

b The reaction rate at reservoir temperature (89 °C) was calculated using Eq. (15).
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Fig. 4. Relative permeability curves: (a) water-oil system for matrix, (b) liquid-gas system for matrix, (c) gas relative permeability and scanning curves for drainage and
imbibition. ky,: water relative permeability in the water-oil system; k;,: oil relative permeability in the water-oil system; k.,: gas relative permeability in the gas—oil system;

krog: 0il relative permeability in the gas-oil system.

water saturation; and Seirg is the irreducible oil saturation for the
gas-liquid system.

In the model, Sgrmax induced by wetting phase imbibition is
assumed to be equivalent to the difference between the average
water saturation of the reservoir and Syyon Subsequent to the com-
pletion of history-matching. Owing to the non-CO, wetting of the
rock, the liquid phase relative permeability curves are considered
to be the same for both the drainage and the imbibition processes.
Fig. 4(c) shows the scanning curves of the gas relative permeability
hysteresis.

4. Results and discussion
4.1. CO»-EOR and geological storage induced by cyclic injection

Two schemes were devised to assess the dynamics of CO,-EOR
and storage during the cyclic injection process. Case 1 served as the
control model that only considered CO,-crude oil interactions,
while Case 2 incorporated all the CO, storage mechanisms, includ-
ing dissolution trapping, residual trapping, and mineral trapping.
Based on the history matching from primary depletion, CO, cyclic
injection was conducted with the operation parameters given in
Table 6. The minimum bottomhole pressure (BHP) was maintained
above the MMP to facilitate CO, mixing with oil. A total of ten
cycles with identical parameters were executed to explore the
dynamic response of oil production and CO, storage. Fig. 5 shows
the well performance over time for multiple cycles.

Case 2 exhibited an oil production rate close to that of Case 1, and
the difference in cumulative oil production was scarcely noticeable
during the first three cycles. However, as the number of cycles
increased, the effect of CO, storage on the oil-displacement efficiency
gradually emerged, and the cumulative oil production of Case 2
decreased by 2.2% after ten cycles, as illustrated in Figs. 5(a) and
(d). In order to figure out the decline in oil recovery factor (RF), the
movement of CO, in the oil phase throughout this process was con-
tinuously monitored, as shown in Fig. 6. The CO,-o0il mixing zone
was defined as the region where the CO, mole fraction in the oil

Table 6

Operating conditions of cyclic CO, injection [35].
Injection gas (CO,) Value
Gas injection rate (m>.d~") 50 000
Injection time (d) 60
Soaking time (d) 30
Production time (d) 275
Cycles 10

Production constraint Minimum BHP limit of 35 MPa

99

phase exceeded 0.1. It was observed that the mixing zone in Case 1
was notably larger than that in Case 2, and the gap became more sig-
nificant as the number of cycles increased. By the end of production,
the volume of the mixing zone resulting from CO, storage had
decreased by 25.9% compared with that in Case 1. This reduction
was attributed to the dissolution of the injected CO, in water and
the consumption by the water-rock geochemical reactions in Case
2, which diminished the impact of CO, interaction with crude oil.
Therefore, CO,-EOR simulations would overestimate the RF if CO,
storage in the formation were not incorporated. The BHP curves for
both cases were nearly consistent and less than the original formation
pressure, avoiding any potential risk of CO, leakage. Both the GOR
and the cumulative CO, production were notably lower in Case 2 than
in Case 1 because of the incorporation of CO,-trapping mechanisms in
the modeling. This gap widened as the number of cycles increased.

The RF of the primary depletion after 980 days was 6.7% of the
OOIP, and ten cycles of CO, injection further improved the RF by
3.42% OOIP, reaching an ultimate RF of 10.12% OOIP. Fig. 7 indi-
cates the correlation between CO,-EOR and storage efficiency over
cycles. The oil exchange ratio was defined as the volume of oil pro-
duced per tonne of CO, under surface conditions, while the CO,
storage efficiency referred to the ratio of CO, trapped underground
relative to the injected CO,. The incremental oil production and
CO, storage efficiency of these two schemes gradually decreased
during each cycle due to the fact that the high-pressure CO,
pushed the crude oil deeper into the matrix while mixing with it.
Although Case 1 excluded the interactions among CO,, water,
and rock, a significant amount of CO, was still trapped, mainly
resulting from the dissolution and mixing of CO, in crude oil. After
ten cycles, the total storage rates for Case 1 and Case 2 were 40.6%
and 48.3%, respectively, demonstrating the technical feasibility of
cyclic injection for CO, storage in unconventional reservoirs. The
temporary retention of CO, in crude oil complicated the storage
process with some uncertainties because a fraction of CO, would
be co-produced with oil. This is an inevitable issue for collaborative
CO,-EOR and storage during the cyclic injection process. Hence, it
is necessary to identify the storage forms of CO, in the reservoir
and understand the dynamics governing CO, migration and trans-
formation under multi-phase and multi-field coupling conditions.
This is a crucial prerequisite to accurately evaluate the potential
of CO,-EOR and geological storage in tight reservoirs.

4.2. CO, migration and transformation
The complex subsurface rock-fluid system usually leads to

diverse forms of CO, in a reservoir, including supercritical, dis-
solved, aqueous-phase ionic, or mineralized states. In contrast to
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conventional CO, flooding or deep saline formation sequestration,
cyclic CO; injection is conducted in an intermittent mode, which
further complicates the CO, storage process. In our work, six pos-
sible forms of CO, in the reservoir were considered: CO, dissolved
in oil, CO, dissolved in water (physically dissolved), aqueous ions
(HCO3, CO%, etc.), mineralized CO, (precipitation of carbonate
minerals), trapped gas (due to gas relative permeability hysteresis),
and supercritical mobile gas.

Fig. 8 shows the transformation of CO, storage in different
forms in the tight reservoir with well production. It is evident that
the CO, forms were notably impacted by pressure changes, partic-
ularly the dissolved CO, in oil and water, and the mobile gas. The
CO, content in the forms of aqueous ions and mineralization grad-
ually increased and was less affected by the operations. The
trapped gas form showed an overall increasing trend during each
cycle, owing to the frequent reversals of non-wetting phase drai-
nage and wetting phase imbibition. To further elucidate the
dynamic transformation of CO, in the subsurface formation, the
process was divided into three stages according to the cyclic injec-
tion operations: injection, soaking, and production.

(1) In the injection stage, CO, was injected at a rate of 50 000
m>.d~'. The migration of CO, from the fractures into the matrix
was mainly driven by pressure gradients. As a result, the content
of CO, in the oil, gas, and water quickly increased, with a consider-
ably higher amount of CO, dissolved in oil than in water. The con-
tribution of each form to CO, storage was defined as the ratio of the
moles of CO, in a specific form relative to the total moles of subsur-
face CO,, as shown in Eq. (30).

CO, storage contribution g = Neae (30)

injc

where N4 represents the moles of CO, captured by the dth storage
mechanism at the cth cycle, and Niyj represents the total moles of
subsurface CO, at the cth cycle.

Fig. 9(a) shows the contribution of each form to CO, storage
after CO, injection with each cycle. As indicated, more than 50%
of the injected CO, was mixed with crude oil, while less than
10% of the CO, existed in a flowable supercritical state. The high
connate water saturation created a favorable condition for CO, dis-
solution and geochemical reactions. The contribution of mineral-
ization to CO, storage increased steadily and accounted for 10%
of the subsurface CO, after ten cycles.

(2) In the soaking stage, CO, accumulated in the SRV and then
diffused into deeper regions, driven by concentration gradients.
The movement of subsurface CO, during the shut-in period was
tracked, as shown in Fig. 9(b). To elucidate the CO, transforma-

tions, a conversion rate was proposed based on the cumulative
injected moles of CO,. The primary sources of transformation were
CO, that dissolved in oil and CO, that was trapped in gas. The high
pressure generated in the SRV during the injection stage propa-
gated to the low-pressure matrix in the soaking stage. Once the
formation pressure stabilized, the excess CO, that had dissolved
in oil and water was released and converted into free gas, and then
accumulated in the fractures. The free gas was further transported
deeper into the matrix and transformed into other CO, forms. In
the first soaking period, 7.2% of the CO, in the oil and 2.0% of the
trapped gas were transformed into 5.9% of the mobile gas and
3.3% of other relatively stable sequestered forms. The regions of
changes in the CO, mole fractions in the oil and water phases dur-
ing the initial soaking were captured to support these findings, as
shown in Fig. S2 in Appendix A. The release of CO, from the frac-
tures and its dissolution in the matrix can be readily observed.
However, as the cycle number increased, 90% of the released CO,
became mobile gas collecting in the fractures, suggesting that the
fluid in the vicinity of the fractures tended to be saturated. Hence,
certain measures, such as increasing the injection rate or extending
the soaking time, need to be implemented to facilitate CO, pene-
tration into the matrix.

(3) In the production stage, the minimum BHP was maintained
at 35 MPa. The GOR was observed to increase at the end of produc-
tion, and the mole proportion of CO; in the produced gas increased
from 24.62% (first cycle) to 73.69% (tenth cycle). Fig. 9(c) indicates
the CO, conversion rate in each production stage. The loss of the
mobile gas and the dissolved CO, in oil and water resulted in the
gain of produced gas, trapped gas, aqueous ions, and minerals. In
particular, the dissolved CO, in the oil along with the mobile gas
significantly contributed to CO, production. The loss of the dis-
solved CO, was attributed to the formation pressure reduction
and fluid production. The residual gas was mainly trapped in the
non-fracture zone of the SRV and gradually expanded from the
near-well to the far-well non-fracture zone as the number of cycles
increased.

Fig. 9(d) shows the contribution of different forms of CO, to the
storage following each cycle. The proportion of produced CO,
increased with the number of cycles, and more than 50% of the
injected CO, was produced after eight cycles. The trapped CO, in
the subsurface was in different forms, among which the oil-
dissolved CO, was the most significant, followed by water-
dissolved CO, and aqueous-phase ions. The contributions of miner-
alization and free gas gradually increased as the number of cycles
increased, while the trapped CO, induced by gas relative perme-
ability hysteresis tended to stabilize. At the end of ten cycles,
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48% of the injected CO, (~28 000 t) was sequestered in this reser-
voir. Given the re-release of the dissolved CO, from oil along with
production, an estimated 20% of the CO, (approximately 12 000 t)
was projected to be stored over the long term in the forms of car-
bonate mineralization (6%), dissolution in water (6%), aqueous ions
(4%), and trapped gas (4%). It is noteworthy that the evolution of
the storage mechanism in an unconventional reservoir presents
notable differences from that in conventional reservoirs and saline
aquifers, especially regarding trapped gas. The high connate water
and the low flowable water saturation in the tight matrix attenuate
the imbibition process, resulting in a reduction of trapped CO,.

4.3. Assessment of geochemical reactions

Quartz and feldspar are the predominant minerals in this tight
sandstone reservoir. In the presence of CO,, the dissolution of pri-
mary minerals leads to the precipitation of carbonate minerals,
thereby achieving permanent sequestration. Our simulation indi-
cates that approximately 6% of the injected CO, precipitated as car-
bonate minerals within ten years. The changes in the mineral
contents in moles of the primary and secondary minerals in the
reservoir are shown in Figs. 10 (a) and (b). Positive values indicate
mineral precipitation, whereas negative values mean mineral dis-
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solution. As indicated, the mineral contents were not strongly
dependent on the production dynamics because they were signifi-
cantly governed by kinetic models. Among all the primary miner-
als, anorthite experienced a significant dissolution, followed by
chlorite, while K-feldspar showed a minimal dissolution. In con-
trast, kaolinite, albite, and quartz underwent substantial precipita-
tion, while illite demonstrated slight precipitation. As for the
secondary minerals, dolomite showed notable precipitation, fol-
lowed by dawsonite and calcite, while anhydrite and magnesite
were only slightly precipitated. The process of mineral dissolution
or precipitation depended on the ratio of the activity product to the
chemical equilibrium constant. The former significantly relied on
the concentration of aqueous ions, whereas the latter was a
temperature-dependent parameter. The dissolution of anorthite,
chlorite, and K-feldspar released substantial amounts of Al**,
Ca%*, and Mg?" ions, facilitating the precipitation of carbonate min-
erals. Figs. 10(c) and (d) show the changes in the concentrations of
the cations and anions in the aqueous phase. When the rate of ions
released from mineral dissolution exceeded the rate of ions
depleted from mineral precipitation, the concentration of aqueous
ions, such as AI** and Mg?* ions, increased. The formation water
was abundant in Na* ions, which were consumed by the precipita-
tion of albite and dawsonite. Although the dissolution of anorthite

4
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released substantial amounts of Ca® ions, its concentration
remained stable due to the significant precipitation of dolomite
and calcite. The average pH of the brine significantly varied with
the well operations, as indicated in Fig. 10(e). The pH fluctuations
indicated the intensity of the geochemical reactions. The injected
CO, primarily accumulated in the fracture zone and then slowly
diffused into the matrix. This made SRV the dominant area for geo-
chemical reactions.

4.4. Porosity and permeability change

For CCUS-EOR in an unconventional reservoir, any changes in
reservoir properties (e.g., stress and mineral reactions) would sig-
nificantly impact oil recovery and storage efficiency. This section
focuses on the impact of mineral dissolution/precipitation on
reservoir properties. The changes in reservoir porosity and perme-
ability were characterized by the difference in the petrophysical
properties in the absence or presence of mineral reactions, as given
in Eq. (31). The average porosity and permeability fluctuations
across the reservoir matrix, non-fracture, and fracture zones of
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the SRV were analyzed, as depicted in Fig. 11. The change rate in
the rock’s physical properties was influenced by the mineral reac-
tions, as indicated in Fig. 12.

{A¢> = ¢ my—¢

Ak = k' -my —k
where A¢ and Ak are the changes of reservoir porosity and perme-
ability induced by mineral reactions, respectively; m, is the
pressure-dependent porosity multiplier; and m; is the pressure-
dependent permeability multiplier.

It was observed that the porosity and permeability of the
reservoir increased in the first cycle but declined in subsequent
cycles. This indicated that mineral precipitation became more sig-
nificant than dissolution in terms of pore volume. The initial
lower RSA of the secondary minerals corresponded to a slower
precipitation process, which led to the predominance of mineral
dissolution in the initial period. However, the dissolution of min-
erals, including anorthite and chlorite, offered the necessary
cations for carbonizing minerals. In addition, this process pro-
moted the precipitation of quartz and various silicate minerals
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Fig. 11. The changes of reservoir porosity and permeability induced by mineral dissol
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ution/precipitation. (a) Reservoir matrix; (b) non-fracture zone; (c) fracture zone.
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such as kaolinite and albite, which accordingly reduced the pore
volume of the reservoir.

Figs. 11 and 12 demonstrate that the SRV was the main area in
which porosity and permeability changes occurred. At the end of
production, the porosity decreased by 0.86% and 0.81% in the
non-fractured and fractured zones, respectively, while the perme-
ability was reduced by 2.51% and 2.39%, respectively. It was also
observed that the change rate of porosity and permeability experi-
enced a slight increase during CO, injection, owing to the enhanced
mineral dissolution induced by the CO,. With the cessation of CO,
injection, the pH gradually returned to normal, leading to a
decrease in the mineral dissolution reaction. This phenomenon
was particularly significant in the fracture zone. After multiple
cycles, the physical properties of the reservoir matrix were barely
changed. The porosity and permeability ultimately decreased by
0.61% and 1.62%, respectively. In a short view, the impact of geo-
chemical reactions on rock properties was less significant than that
of geomechanics. However, CO, storage resulted in a 2.2% decrease
in the cumulative oil production. Interactions among the CO,,
brine, and rock decreased the efficiency of CO,-EOR. Therefore,
the CCUS-EOR process in an unconventional reservoir must be
carefully designed and optimized with respect to oil production
and CO, storage.

5. Limitations of this study

Artificial fractures in unconventional reservoirs after fractur-
ing are strongly stress sensitive, which has a significant impact
on the response of CCUS-EOR under cyclic CO, injection. In the
simulation, we simplified the geomechanical module by utilizing
the multiplier correlations of pressure-dependent porosity and
permeability. This simplification provides a more visual descrip-
tion of the complex strain and hysteresis behaviors of rock under
repeated fluctuations in stress. Nevertheless, it comes with the
limitation of being unable to comprehensively capture the
dynamic behavior of fractures. For instance, the effect of fracture
propagation may demand more refined and intricate geomechan-
ical models for proper representation. Geochemical reactions are
another crucial factor influencing CO,-water-rock interactions,
with the reaction processes being governed by the reaction kinet-
ics models. The RSA is a critical parameter with high uncertainty.
In the calculation process of RSA, we used the limited published
data in an attempt to minimize the effect of the uncertainty
regarding the mineral characteristics and composition on the
RSA. Nevertheless, the development of more accurate and precise
RSA test methodologies remains an urgent necessity.
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6. Conclusions

This work presented a modeling assessment of cyclic CO, injec-
tion for CCUS-EOR in a specific tight reservoir. The impacts of multi-
phase flow, fluid phase behavior, geomechanics, and geochemistry
were integrated into the modeling to accurately predict the fate of
the injected CO,. Subsurface CO, migration and transformation, min-
eral reactions, and porosity and permeability changes were thor-
oughly investigated. After ten cycles of CO, injection, the oil
recovery of this reservoir was increased by 3.4% OOIP, and 48.3% of
the injected CO, was stored. The CO, storage process diminished
the CO,-oil interactions, leading to a 25.9% reduction in the volume
of the CO,-o0il mixing zone and a 2.2% decline in the cumulative oil
production. The evolution of the CO, storage mechanism under cyclic
injection showed significant differences compared with conventional
CO, flooding. Among all forms of CO, storage, dissolved CO, in oil and
water, mobile gas, and residual gas were notably affected by the pro-
duction dynamics, while aqueous phase ions and mineralization
were less affected by operations. The residual gas was also affected
by the cycles and was predominantly trapped in the non-fracture
zone of the SRV. Although dissolved CO, in oil accounted for over half
of the total storage, it should be removed during the short-term
CCUS-EOR process, since it is an unstable form with the potential
to be released with production. By the end of production, 20% of
the injected CO, was sequestered permanently by carbonate miner-
alization (6%), dissolution in water (6%), aqueous ions (4%), and
trapped gas (4%). Dolomite, dawsonite, and calcite emerged as the
primary CO,-trapping minerals. The reservoir porosity induced by
geochemical reactions decreased 0.86% and 0.81% in the non-
fractured and fractured zones, respectively, while the permeability
decreased by 2.51% and 2.39%, respectively, after ten cycles.

The understanding of the dynamic CO, transport process
enabled by this work can provide support for the design and opti-
mization of injection-production schemes. Future research should
focus on the co-optimization of CO, EOR and storage, life-cycle
assessment, and enhancement of storage efficiency, with the aim
of developing more efficient injection strategies and management
techniques to maximize oil recovery and long-term storage.
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